The effective thermal and dynamic properties of composites containing polymethyl-metha-acralyte (PMMA) dispersed with single-wall carbon nanotubes (SWCNTs) were studied by modulation/ac calorimetry (ACC) and modulation-differential-scanning (MDSC) calorimetric techniques. The specific heat and effective thermal conductivity were determined by ACC from 300 to 400 K as a function of SWCNT content. A large enhancement of the effective thermal conductivity is observed as the mass fraction (φ m ) of SWCNTs increases from 0.014 to 0.083. These results are in good agreement with a simple geometric model at low SWCNT content but are better described by more sophisticated models above φ m ∼ 0.039. The dynamics of the glass transition were studied by MDSC as a function of temperature scan rate. The hysteresis of the reversible specific heat between heating and cooling scans decreases with decreasing scan rate for pure PMMA but is essentially zero in the composites, indicating that the SWCNT may be quenching slow glass dynamics. In all samples, the effective glass transition temperature, T g , increases with increasing scan rate (though less so for higher φ m ) but the MDSC determined T g does not fall inline with that determined by the ACC method. This discrepancy is attributed to the effect of prolonged heat treatment of the composite sample used in the ACC experiments.
Introduction
Carbon nanotubes (CNTs) have attracted particular interest because they have predicted and observed remarkable mechanical and physical properties [1] [2] [3] . Due to their novel distinct properties, CNTs can be used in many potential applications. But the low limit of high quality CNT fabrication limits some of the CNT based applications. This limit can be overcome by creating both structural and functional multiphase nano-composites with improved performance [4] [5] [6] [7] .
The combination of widely available low cost polymers with very low densities of CNTs suggests that CNTs are ideal candidates for high performance polymer composites. Currently, there are only a few CNT-based, commercial products on the market with improved electrical conductivity (Hyperion Catalysis International). Thermal management such as heat removal from integrated circuits is a critical problem that limits potential miniaturization, speed and reliability [8] of microelectronics.
For most modern microelectronic devices, cooling is restricted by the thermal conductivity of the polymeric packaging materials, since polymers typically have low thermal conductivity as compared with other materials. To enhance the thermal conductivity of polymers, fillers with higher thermal conductivity are required. The thermal conductivities of composites (polymer+fillers) are controlled by (i) filler concentration, (ii) filler conductivity, (iii) filler geometry, (iv) interface conductance between filler and polymer and (v) homogeneity of the filler dispersion. The small particle sizes of nanofillers are expected to disperse more homogeneously within a polymer host than larger micro/millifillers. However, there remain serious gaps in the fundamental understanding of the interaction between nanofillers and polymers that lead to the properties of the composite materials.
Relaxation processes in amorphous materials are particularly important in understanding macroscopic properties. Calorimetry, such as DSC, has revealed enthalpic (energy) relaxations occurring near the glass transition T g in polymers aged after a variety of heating treatments. It is well known that annealing or variation of heating and cooling rates leads to significant hysteresis in T g because of structural relaxations [9, 10] . The introduction of nanofillers is expected to strongly influence these short-range structural relaxations. However, the effective utilization of CNTs in polymer composite applications strongly depends upon the quality/uniformity of the nanotubes and the ability to disperse them homogeneously throughout the polymer host [11, 12] . Thermal conductivity has already been investigated for these types of nano-composite systems [30, 31] but so far detailed study of the thermal behaviour has not been done. Thus, the main objective of this work is to produce and investigate thoroughly, specific heat and thermal conductivity of polymer + single-wall CNT (SWCNT) nano-composite materials, and also their thermal behaviour with different heat treatments.
This report describes a simple yet effective method to controllably disperse SWCNTs in the polymer polymethylmetha-acralyte (PMMA) and presents a detailed calorimetric study using modulation (ACC) and modulation-differentialscanning (MDSC) calorimetric techniques. The PMMA + SWCNT composites were prepared by dispersing SWCNTs and PMMA in a chloroform solution using sonication then slowly evaporating the chloroform leaving a homogeneous dispersion.
The specific heat and effective thermal conductivity of the composites were determined by ACC from 300 to 400 K as a function of SWCNT content. An enhancement of the effective thermal conductivity is observed as the mass fraction of SWCNTs (φ m ) increases from 0.014 to 0.083. These experimental results are in good agreement with a simple geometric model [13] at low SWCNT content but are better described by more sophisticated models [14] [15] [16] above φ m ∼ 0.034. The glass transition dynamics of pure PMMA and PMMA + SWCNT samples were studied by MDSC as a function of temperature scan rate. The hysteresis between heating and cooling of the reversible specific heat decreases with decreasing scan rate for pure PMMA but is essentially unchanged in the composites, indicating the SWCNT may be quenching glassy structural dynamics. In all samples, the effective glass transition temperature, T g , increases with increasing scan rate (though less so for higher φ m SWCNTs) but the MDSC determined T g is consistently below the scattered values determined by the ACC method. This discrepancy is attributed to the effect of prolonged heat treatment of the composite for the ACC measurements.
Following this introduction, section 2 describes the experimental procedures for the calorimetric methods and sample preparation. Section 3 presents the experimental results and compares various theoretical models, followed by a general conclusion with future directions presented in section 4.
Experimental

Modulation calorimetry (ACC)
In the thermal measurement of the ACC technique, the sample was sandwiched within the cell and they were confined inside a constant thermal bath. A small oscillating heat supplied one side of the sample surface and a small change in temperature oscillation was measured on the other side of the sample surface. The small oscillating heat input, P 0 e −ωt with P 0 ≈ 0.5 mW, results in a modulated temperature having an amplitude T ac ≈ 5 mK. In the sample + cell 'sandwich' or 'stack' arrangement used in this study, the total measured heat capacity is written as C = C s +C c , where C s is the heat capacity of the PMMA or PMMA + SWCNT composite sample and C c is the heat capacity of cell. The cell heat capacity consists of C c = C H + C Ag + C GE , where C H is the heater, C Ag is the silver sheets and C GE is the GE varnish (used to attach all the components) contribution. Heat capacity of each cell's component was measured before taking the measurement of the desired sample. By subtracting the cell contributions C c from the sample + cell (C) measurement, the heat capacity of the PMMA or PMMA + SWCNT (C s ) may be isolated. The heat capacity of the PMMA or PMMA + SWCNT composite is C s = C − C c and specific heat capacity determined as C p = C s /m s , where m s is the mass of the sample. The ACC experimental procedure details can be found elsewhere [17] [18] [19] [20] and the method to estimate the effective thermal conductivity can be found in [17, 21, 22] . The effective thermal conductance K s in units of W K −1 , the inverse of the thermal resistance, of the sample is given by
where τ e = R e C s is the external thermal relaxation time constant, R e the external thermal resistance, ω the oscillatory frequency and φ = +π/2, where is the phase shift between heat input and measured temperature change. By knowing sample dimensions, cross-sectional area (A) and thickness (L), the effective thermal conductivity κ s in units of W m
High-resolution ACC was performed using a home-built calorimeter. The general sample + cell configuration consisted of a 'sandwich' or 'stack' arrangement of heater, thin silver sheet (0.1 mm thick, 5 mm square), PMMA/PMMA+SWCNT sample, thin silver sheet and thermistor, all held together by thin applications of GE varnish. Here, the two silver sheets do not directly contact each other. The sample area closely matches the dimensions of the heater attached to one silver sheet. A 120 strain-gauge heater is attached to one side of the 'stack' and a 1 M carbon-flake thermistor to the other side by GE varnish. The sample was kept inside a thermal bath maintained at a controlled fixed temperature. By supplying an oscillating voltage to the heater, small temperature oscillations are induced in the sample + cell detected by the thermistor. Scanning temperature is accomplished by changing the bath temperature. The resolution of the sample + cell and bath temperatures are in the µK range.
Modulated differential-scanning calorimetry (MDSC)
Modulated (temperature) differential-scanning calorimetry (MTDSC/MDSC) is the combination of DSC and periodic temperature perturbation, able to measure simultaneously heat flow and heat capacity. The MTDSC is a relatively new technique of thermal analysis, which allows a deconvolution of reversing and total heat effects in the transition regions. A detailed description of the MDSC method can be found elsewhere [23] [24] [25] .
The differential-scanning calorimeter of type MDSC Q200 of TA Instruments, Inc was used for this thermal study.
Samples were heated for 15 min at 127
• C in vacuum to remove any trapped chloroform, prior to mounting in the MDSC and subjected to underlying heating and cooling rates of 10, 5, 1, 0.5 and 0.1 K min −1 and a temperature modulation amplitude of 0.6 K with a period of 60 s. Dry ultra-pure nitrogen gas was purged through the sample holder at a rate of 50 ml min −1 during the experiment.
Preparation of PMMA + SWCNT composites
The polymer PMMA (M n = 120 000 g mol −1 , obtained from Aldrich) was first dissolved in a dilute chloroform solution. The required amount of SWCNTs (Helix Materials Solutions, TX, purity >90%, ash ≈5%) was also dispersed into a dilute chloroform solution and sonicated for 12 h to separate the bundles of nanotubes into individual particles. Scanning electron micrographs of the SWCNT material used in this work, presented in a previous report [21] , found the diameter to be 1.3 nm and the length varying from 0.5 to 50 µm. Both the PMMA + chloroform dilute solution and the SWCNT dispersed in chloroform solution were then mixed together and again kept ≈6 h in an ultrasonic bath. After the PMMA + SWCNT + chloroform dilute solution was finally mixed with a touch mixer (Fisher Touch-Mixer model 12-810) for 10 min, no detectable precipitation was observed. Immediately after this final mixing, the solution was drop cast onto a thin silver sheet to form a thin film of PMMA+SWCNT and placed for 6 h under vacuum to remove the chloroform. The typical thickness of the sample film is between 150 and 200 µm. The sample was then sandwiched between two thin silver sheets with GE varnish (General Electric #7031 varnish) and again dried under vacuum to remove any solvents from the varnish. A description of the ACC sample + cell preparation used here has previously been reported [17, 21, 22] . All five PMMA + SWCNT and pure PMMA samples were prepared using this same method/conditions and used for both ACC and MDSC measurement. In ACC measurement, the sample was kept at 400 K for 3-4 h before taking data. Each sample was heated and cooled 3 times to check the reproducibility of data.
The mass fraction of SWCNT in the composite samples φ m was calculated with a mass of the CNTs and PMMA while the volume fraction of SWCNT φ v was derived by taking the density of the PMMA polymer as ρ p = 1.2 g cm −3 and assuming the density of CNTs as ρ f = 1.4 g cm −3 :
where M f is the mass of filler (SWCNTs) and M p is the mass of polymer (PMMA). All samples have essentially the same thickness and crosssectional areas. Thus, the thermal contact resistance of all samples is approximately the same and should not play a role in comparing results as a function of SWCNT content. For the MDSC measurements, the samples were sealed inside a standard hermite pan. The mass of the sample pan and reference pan were very close to each other to minimize the uncertainty of measurement. The mass of the pan used was 50.4 ± 0.4 mg with the mass difference between sample and reference pans between 0.3 and 0.5 mg. After casting the required amount of sample, the remaining solution of PMMA + SWCNT + choloform was stored in a tightly capped bottle. No significant segregation occurred over several days indicating the quality of the dispersions. Figure 1 (top panel) presents ACC-determined specific heat of pure PMMA and five PMMA + SWCNT samples ranging from φ m = 0.014 to 0.086 mass fraction of SWCNTs. The specific heat of all samples exhibits a similar temperature dependence from ≈300 to 400 K with only a small change in its absolute value. Since φ m is small, C p is not expected to vary substantially and so these results reflect more on the reproducibility of the absolute value of C p measurements by the ACC technique. The experiment was repeated with another batch of the sample prepared with the same materials and the same procedure, with observed reproducible results. The experimental C p value for pure PMMA is found to be 1.61 J g −1 K −1 , about 10% above the literature value [26, 27] and within 18% at 307 K of the value reported by Assael et al [28] . Specific heat values of pure PMMA and PMMA + SWCNT composites at 300 K (glass state) and 399 K (liquid state) are given in table 1. The C p values of PMMA + SWCNT composites vary slightly from pure PMMA at room temperature and in a manner similar to that reported for composites of nanotubes dispersed in polystyrene [29] . The variation of C p values between PMMA and PMMA + SWCNT composites is likely due to experimental uncertainty, especially in the mass measurements of the sample + cell components.
Results and discussion
Specific heat of PMMA + SWCNT composites
The effective glass transition temperature T g measured by ACC, taken as the inflection point of the C p rise, is scattered and tabulated in table 2. It should be noted that glassy relaxations are highly temperature scan rate and thermal history dependent. Here, the ACC measurements were done with an extensive heat treatment as compared with the MDSC experiments and is likely the cause for the fluctuating T g observations by ACC. For the ACC experiments, all samples were kept for 4 h at 400 K to maintain thermal equilibrium before taking the first temperature scan. For the MDSC experiments, the samples were heated to ≈100 K for only 15 min in vacuum to remove any trapped solvent. The effect of heat treatment and the MDSC results are presented in section 3.4. Figure 1 (lower panel) presents the effective thermal conductivity κ using ACC of pure PMMA and PMMA + SWCNT samples from φ m = 0.014 to 0.083. The effective thermal conductivity was derived from the heat capacity measurements and frequency scans performed at regular temperature intervals, the details of the experimental derivation of κ can be found elsewhere [17, 21, 22] . The effective κ for pure PMMA was found to be 0.172 W m −1 K −1 at 300 K and increases with temperature revealing a step-like feature near and about the glass transition. The absolute value of the derived κ is within 14% at 307 K and 9% at 352 K of the literature value for pure PMMA [28] .
Thermal conductivity of PMMA + SWCNT composites
As shown in figure 1 , κ monotonically increases with increasing SWCNT content for all PMMA+SWCNT samples, exhibiting temperature dependences similar to pure PMMA. The percentage increase in κ from pure PMMA is 60% with increasing φ m = 0.043, nearly 90% for φ m = 0.057 and 130% for the φ m = 0.083 PMMA + SWCNT samples. This observed increase in κ with increasing SWCNT content is consistent with the dispersed CNTs forming an ever denser random network within the host polymer. At low φ m , the SWCNTs are more or less individual strands surrounded by the polymer medium of high thermal resistance. As φ m increases, contact among SWCNTs increases, mainly through van der Waals interactions, eventually forming a percolated thermal path across the polymer host. Previous studies found an enhancement of thermal conductivity of about 250% for φ m = 0.11 SWCNTs in PMMA [30, 31] . Though consistent, the somewhat smaller increase in κ observed here may be due to (a) the quality/homogeneity of the nanotubes, (b) the quality of the SWCNT dispersion in the polymer, (c) the short average length of the nanotubes and/or (d) the smaller diameter of the nanotubes.
The effect of a homogeneous dispersion can be crucial because once the nanotube concentration increases, the nanotubes' tendency to bundle increases. Once bundles form, the thermal pathways through a network of SWCNT become 'jammed' resulting in a more modest increase in κ. The influence of the nanotube geometry, average length and diameter on the thermal conductivity of the composite can also be large since these factors directly influence the packing fraction of SWCNT that in turn plays an important role in the enhancement of the thermal conductivity. Also, the diameter of the nanotube is important because, in general, the contact resistance decreases with increasing CNT diameter due to the larger contact area in addition to the increase in the number of contacts per unit volume [32] . The thermal boundary resistance in CNT + PMMA composites has been simulated and indicates large local temperature gradients as a function of distances from the nanotube long axis with a constant radial heat flow [32, 33] . It was estimated that the temperature decreases 40% just 20 Å away from the long axis of the nanotubes, in the polymer-liquid interface region. This particular simulation result suggests that large enhancement of κ in these composites would only be expected for samples with small mean distance between CNTs, hence high φ m . Figure 2 (top panel) shows the percentage increase in κ from pure PMMA, κ = 100×(κ (f+p) −κ p )/κ p , at 300 K (glass state) and 399 K (liquid state). Figure 2 (bottom panel) shows the change in thermal conductivity between glass and liquid states, δκ = κ l − κ g , with the arrow indicating δκ for pure PMMA. Both log-log plots in figure 2 indicate an increase in κ from pure polymer and between glass and liquid states with increasing SWCNT φ m where δκ reveals a broad steplike increase. It should be noted that the thermal conductivity in the glass state is largely dependent on the vibrational modes and in the liquid state is dominated by translational motion of the molecules. This suggests that the phonon propagation is much stronger through nanotubes in the liquid state than in the glass state for these composites. 
Composite thermal conductivity models
There have been many theoretical models reported in the literature for polymer nano-composites, nanofluids and CNTs or nanofibres in oil systems. Among the most relevant models are Lewis/Nielsen [14] , Hamilton/Crosser [15] , Geometrical [13] and Xue [16] models. Each are described below and compared with the observed κ for the PMMA + SWCNT samples.
The Lewis/Nielsen model was initially proposed to estimate electrical and thermal conductivities for a twocomponent system [14] . Since the thermal conductivity of the filler (nanotubes) is much higher than that of the polymer, the shape and size of the filler becomes significant. The Lewis/Nielsen model considered the shape of the dispersed particle (their anisotropic character) and the particle packing. It has since been shown that the nanoparticle shape and dimensions play an important role [34, 35] . The Lewis/Nielsen model for the effective κ of a two-component system is given by
where ψ = 1 + ( 1−ρ ρ 2 )φ v , and κ c , κ p and κ f are the thermal conductivities of the composite (PMMA+SWCNTs), polymer (PMMA) and filler (SWCNTs), respectively. The parameter A = K − 1 depends primarily upon the shape of the dispersed particles and how they are oriented with respect to the direction of thermal or electric current, aspect ratio, and is related to the generalized Einstein coefficients K E . The parameter B = (κ f /κ p − 1)/(κ f /κ p + A) describes the relative conductivity of the two components. The parameter ψ is determined by the maximum packing fraction ρ. In the original Nielsen model [14] , ρ for a randomly oriented rod-like filler is ρ = 0.52 irrespective of the filler's aspect ratio. This is a reasonable result for fillers with relatively small aspects ratio (<10). However, nanotubes have much larger aspect ratios. An experimental study of the packing fraction on the aspect ratio was conducted by Millewski [36] that yielded a relationship between the maximum packing fraction and the aspect ratio of the filler, which was used for our estimate of ρ. The Lewis/Nielsen model can then be simplified as
by substituting for the parameter B explicitly.
The Hamilton/Crosser model [15] accounts for the particle shape in determining the thermal conductivity of composite materials differently. The Hamilton/Crosser model for the effective κ c of a composite two-component system is given by
where n is the shape factor of the dispersed filler particles. The shape factor is calculated as n = 3/χ where χ the sphericity defined as the surface area of a sphere having the same volume as the dispersed filler particle to the surface area of the particle [16, 37] . The models given by equations (5) and (6) are very similar since the Hamilton/Crosser model follows the same approach as Lewis/Nielson but assumes the maximum packing fraction ρ = 1 and ψ = 1. The Geometric model [13] estimates the effective thermal conductivity of these polymer nano-composite systems based on assuming various thermal paths or circuits through the composite medium. Here, κ c is given by
but to estimate this value, a specific thermal circuit must be assumed. The two simplest thermal circuits composed of polymer and filler are series and parallel. For a series arrangement of fillers and polymers, κ c is given by
For a parallel arrangement of the heat flow, κ c is given by
Each of these thermal path assumptions are used to compare with the observed κ. The Xue model [16] takes into account the nature of CNTs in the composite. The Xue model has shown good agreement with experimental results on oil + CNT composites. The Xue model for the effective κ c is given by where two different thermal conductivity values of the CNTs, κ f = 800 and 3000 W m −1 K −1 , are used for comparison in this work. Figure 3 shows the experimental and the best theoretical fit of the Lewis/Nielsen, Hamilton/Crosser, Geometric and Xue models of κ c in the glass state (300 K) for the PMMA+SWCNT samples. The aspect ratio of 15 and maximum packing fraction ρ = 0.6 was used for the Lewis/Nielsen model. This aspect ratio is small compared with that expected for a single nanotube, and likely due to aggregation of many nanotubes forming bundles. Guthy et al [30] reported an aspect ratio of 26 for a bundle of SWCNTs consisting of ∼92 nanotubes of 1.3 nm diameter each. However, the aspect ratio depends upon the quality of the dispersion of nanotubes inside the polymers matrix. Typically, as the nanotubes aggregate their aspect ratio should decrease. The thermal conductivity of the SWCNT filler was assumed to be κ f = 3000 W m −1 K −1 for the models used here. However, the Xue model gave better agreement to the experimental results using a lower value of κ f = 800 W m −1 K −1 . The Geometric model using a series thermal path assumption agrees well with the observed κ for low SWCNT volume fraction (pure PMMA to φ m ≈ 0.034). However, this model strongly deviates from the measured values for larger mass fraction while the parallel thermal path assumption underestimates κ over the whole range of φ m . Recall that the Geometric model depends only on the amount of fillers and does not account for the geometry or size of the filler particles, which is apparently a valid assumption for low SWCNT volume fraction. For SWCNTs, φ m > 0.034, the Lewis/Nielsen and Hamilton/Crosser models are both equally consistent with measurements and indicate the need to take into account details of the particle size and filler packing within the polymer. These results essentially indicate that the onset of significant SWCNT interactions, perhaps resulting in a spanning thermal path across the sample, occurs near φ m ≈ 0.034 for PMMA + SWCNT composites.
MDSC study of PMMA + SWCNT composites
Because the nanofiller of SWCNT can influence the structural relaxations for glass forming materials like PMMA, dynamics play an important role. For dynamic thermal measurements, the control parameter is the temperature scan rate. Figure 4 shows the reversible heat capacity, Rev C p as measured by MDSC normalized to the value deep in the liquid state (at 405 K) of pure PMMA (left panels) and φ m = 0.070 PMMA + SWCNT composite sample (right panels) for scan rates of 10, 5, 1, 0.5 and 0.1 K min −1 . Here, the heating scan at the indicated rate was immediately followed by the cooling scan. For pure PMMA, a progressively larger hysteresis between heating and cooling is seen as the scan rates increase to 10 K min −1 . For the φ m = 0.070 PMMA + SWCNT sample, very little hysteresis, except in the temperature region near and about the glass transition, is seen for even the highest scan rate. Similar results were seen for the other PMMA + SWCNT samples. The suppression of hysteresis in the composites suggests the partial quenching of structural relaxations of PMMA by the nanotubes. The difference in enthalpy between heating and cooling H hyst = H cool − H heat extracted from figure 4 is shown in a log-log plot in figure 5. Although this plot minimizes the difference among the samples, it highlights the significant increase in hysteresis for scan rates higher than about 0.5 K min −1 .
Because of the scan rate dependent hysteresis, the glass transition temperature is determined from cooling scans shown in figure 6 and taken as the inflection point of the Rev C p steplike temperature dependence. The resulting values of T g are shown in figure 7 as a function of scan rate for pure PMMA and three composite samples. When T g is extrapolated to zero-scan rate, the resulting glass transition temperature T 0 g is shown in the inset of figure 7 as a function of φ m revealing a nearly linear increase.
All MDSC measurements employed identical sample treatments and history. However, heat treatment or annealing can significantly alter the behaviour of polymer composites. The MDSC experiments utilized a protocol where the samples were heated into the liquid state for 15 min prior to loading but the ACC experiments annealed the samples at 400 K for 3-4 h before collecting data. To explore the effect of heat treatment, MDSC scans were performed on pure PMMA and the φ m = 0.014 PMMA+SWCNT sample after heating into the liquid state (400 K) for 15, 30, 45 and 60 min prior to a cooling scan at 1 K min −1 . The resulting Rev C p for pure PMMA (top panel) and the φ m = 0.014 sample (bottom panel) are shown in figure 8 . Heat treatment of pure PMMA shifts T g towards higher temperature and tends to sharpen the step-like behaviour in Rev C p . The introduction of SWCNT appears not to affect either trend, consistent with that observed in the thermal hysteresis results. 
Conclusion
This work presents a detailed calorimetric study of the specific heat and effective thermal conductivity of a macroscopic arrangement of randomly dispersed SWCNTs inside a polymer host. Using ACC and MDSC techniques, the enhancement of the effective thermal conductivity is significant with increased loading of SWCNTs. Higher thermal conductivity of polymer+CNT composites can be achieved by using suitable dispersion methods and higher quality nanofiller materials. The glass transition characteristics, thermal conductivity, electrical conductivity and mechanical properties of polymer composites can be controlled by adjusting the properties of the nanofillers. The increase in κ with increasing φ m of SWCNT is consistent with essentially independent particles for low concentration that is describable by a simple geometric model. For SWCNT higher than φ m ∼ 0.034, a model that takes into account the packing fraction as well as nanoparticle shape is needed and indicates the onset of interactions among SWCNT, suggesting the presence of a spanning network. The increase in the zero-scan rate glass transition temperature and suppression of the enthalpic hysteresis supports the view that the random inclusions of SWCNT in PMMA quenches structural relaxations and stabilizes the glass state. Continued experimental study, specifically by rheological techniques, is required for these types of complex composite systems as well as a more comprehensive modelling to properly understand and calibrate/engineer the macroscopic properties.
